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Abstract
The McrBC system o f Escherichia coli K12 restricts DNA containing modified 
cytosines within specific sites. The modified cytosines recognized may be 5- 
hydroxymethylcytosine, N“-methyIcytosine or 5-methylcytosine. In the mcrBC operon, 
the mcrB gene is expressed to produce the McrB^ protein (51 kDa) and the McrBg 
protein (33kDa), which is translated from an infirame internal translation start site and 
lacks the N-terminal 161 amino acids of the long product. The McrC protein is a 39kDa 
protein and is required for the cleavage o f most methylated substrates. Using a MalE- 
McrB^ fusion protein, the endonucleolytic McrB^ subunit was shown to form a stable 
dimer. The interactions o f the MalE-McrB^ fusion protein with McrBg and McrB^ 
subunits was also demonstrated in a western blot analysis. A MalE-McrC fusion protein 
was shown to bind McrB^ and McrB; providing additional biochemical evidence for the 
interactions among the various subunits of the McrBC system. The sites of DNA 
binding by the McrBC subunits were mapped using the DNase 1 footprinting technique. 
The DNA binding subunit of the McrBC system was demonstrated to be the McrB^ 
protein. The McrC subunit was not essential for the specificity of the McrBC 
endonuclease. The role o f the subunit composition on DNA binding was also measured 
using DNase 1 footprinting technique. Elevated levels o f MalE-McrC fusion protein 
were found to lower DNA binding by the McrB peptides. DNA binding studies for 
targets with two and three PvuYL sites suggested cooperative binding of the McrB dimers 
at two adjacent méthylation sites. A DNA target with a single méthylation site was 
found to be bound by McrBC weakly. Primer extension analysis was used to examine
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the cleavage activity o f the McrBC &azym& complex and a 65 amino acid fragment of 
the McrBs subunit
The truncated form of McrBg contained a portion of the GTP binding site, and 
was found to be a cofactor independent, non-specific endonuclease with nicking 
activity. The portion o f the mcrB gene expressing the truncated protein was used to 
overexpress and analyze it as a His-tagged peptide. A unifying model describing the 
subunit structure and DNA binding properties is presented.
XI
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Introduction
Restriction systems in bacteria function to protect the host organism from 
invading viruses. The most common defense is the restriction-modification approach. In 
this system, endonuclease and methylase activities recognizing the same DNA sequence 
are paired. Usually, méthylation of the target sequence blocks the endonuclease activity. 
Generally, the host DNA is recognized as “self’ by a specific méthylation pattern. 
Foreign DNA is identified by the lack of the host méthylation pattern, and the 
corresponding restriction enzyme activity cleaves the unmethylated DNA. The 
méthylation of DNA in procaryotes thus can be considered to be a “molecular passport”. 
In addition to the restriction-modification systems, there are endonucleases that cut 
DNA methylated at sites not employed in the host méthylation pattern. These 
endonucleases are thought of as backup systems to block infection by bacteriophage 
with heavily modified DNA.
Restriction-modification systems
Bacterial restriction modification systems have been classified into four types 
based on their structure, cofactor requirements, nature of the recognition site and the 
relationship between the recognition and the catalytic sites. Each of the four types. Type 
I, II, Us and III, have associated restriction endonuclease and methylase activities.
Type n  and Ils restriction systems
The Type II restriction-modification systems is the most widely distributed 
restriction system in bacteria. The methyltransferase and the endonuclease are separate 
enemies, which act independent of each other in these systems. Methyltransferases in 
this system produce 5-methyIcytosine, N^-methylcytosine or N^-methyladenine
1
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modifications. Both strands o f  the target sequence are usually methylated. Type H 
methyltransferase requires the cofactor S-adenosyl methionine (Adomet) acting as a 
methyl group donor. In some cases, Adomet affects binding o f the enzyme to the target 
site (Bergerat and Guschbaurer, 1990). For any Type II system, méthylation and 
endonucleolytic cleavage occur within the same DNA target. The DNA targets for Type 
II system are symmetric (palindromic) sequence consisting of up to eight base pairs 
(bp).
The Type Ils system is similar to Type II system in that they have separate 
endonucleases and methyltransferases. However, their target sites are asymmetric, non- 
palindromic sequence and the endonucleolytic cleavage occurs at enzyme-specihc 
locations within 20 bp o f the target sequence. Type II system is at least ten times more 
common than Type Ils system.
Type in  restriction system
The Type III restriction modification system is a multi-subunit enzyme with the 
capacity to mediate both modification and restriction. Méthylation can be carried out by 
the methyltransferase which can recognize and modify the target by itself. Restriction 
on the other hand requires the association of the endonuclease with the methylase 
subunit. Target sequences for méthylation by this enzyme are asymmetric and are 
methylated only in one strand. Restriction by this system requires the presence of two 
unmethylated target sites in opposite directions in the DNA (Hadi et al., 1979; Meisel 
et al., 1992). Restriction by Type III endonuclease is about 25 nucleotides away from 
the target site and requires ATP. The cofactor Adomet is required for both modification 
and restriction.
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Type I restriction system
In addition to subunits responsible for restriction ( R  ) and modification ( M ), a 
specificity ( S ) subunit is present in Type I system. The specificity subunit determines 
the specificity for both méthylation and restriction (Yuan and Hamilton, 1984). Type I 
enzymes bind to their targets irrespective of their state o f méthylation. Unmethylated 
target is rapidly cleaved while hemimethylated target is methylated. Cleavage is usually 
about 1,000 bp from the target but can be as far as 7,000 bp. Along with Adomet, ATP 
is also required by this group of enzymes as a cofactor.
Methylation-dependent DNA restriction systems
In the restriction systems mentioned above, the DNA is protected from 
restriction by méthylation. There are endonucleases in bacteria that recognize specific 
méthylation patterns and restrict only those DNA substrates. In fact, the first restriction 
systems reported restricted methylated DNA (Luria et al., 1952; Revel, 1967; Revel, 
1983). Certain bacterial strains were observed to restrict T-even phage mutants, that 
lacked glucose covalently bound to 5-hydroxymethyIcytosine (h™C) in their DNA due to 
mutations in their glucosyl transferases. The glycosylation of the h”C provided 
protection against host restriction. Hence, the glucoseless phage were susceptible to the 
restriction activities of the host Escherichia coli designated RglA and RglB restriction 
(restricts glucoseless phage)(Georgopolous, 1967;. Fleischman et al., 1976). RglA 
defines the ability restrict h^C containing T2, T4 or T6 phages while the RglB defines 
the ability to restrict h™C containing T2 or T4 (Raleigh et al., 1989). Rgl restriction was 
subsequently considered to be an evolutionary relic since at that time no naturally 
occurring wild-type DNA was known to be sensitive to this system (Kruger, 1983;
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Revel, 1967). In E.coli three restriction systems, viz Mrr, McrA and McrBC that 
recognize and restrict methylated DNA have been characterized.
The Mrr system (modified adenine recognition and restriction) restricts foreign 
DNA bearing N^methyladenine (*^^A) (Heitman et al., 1987) and at least one sequence 
bearing 5-methylcytosine (*”C) (Kelleher et al., 1991; Phyllis et al., 1991). M.&sl 
methylates the cytosine in the CG dinucleotide, a méthylation pattern, similar to that 
seen in eukaryotic DNA. Phage X that is modified by the M.&sl methylase is sensitive 
to restriction by the Mrr system (Kretz et al., 1991). This activity of mrr to restrict 5- 
methylcytosine containing DNA has been designated McrF (Kessler et al., 1990 and 
Kruger et al., 1983).
The RglA and RglB system were rediscovered as the cause of low efficiency of 
transformation of methyltransferases in E.coli K12 (Noyer-weidner et al., 1986; Raleigh 
et al., 1986; Woodcock et al., 1988). The restriction has been shown to be sequence 
specific (Raleigh et al., 1986 and Raleigh et al., 1989) and modification dependent 
(Noyer-weidner et al., 1986; Raleigh et al., 1986). The restriction systems were renamed 
using the Mcr designation, meaning modified cytosine restriction. The McrA (RglA) 
and the McrBC (RglB) systems are genetically distinct with different specificities as 
observed by mutation studies (Raleigh et al., 1989).
The mcr A gene is located at 25 minutes on the chromosome of E.coli K12 on the 
excisable prophage-like element e l4  immediately adjacent to the pin  gene (Raleigh et 
al., 1989). At least three gene products are encoded by el4, the largest of which is 
McrA. The McrA system restricts the glucoseless mutants of T2, T4 and T6. The failure
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of the McrBC system to restrict T6 mutants can be used to differentiate between McrA 
and McrBC activity(Raleigh et al., 1989). The méthylation patterns conferred by the 
methylases HpdO. (C”CGG) (Raleigh., 1992) and M.-Siff (”CG) (Kelleher et al., 1991) 
are used to screen for McrA activity.
The McrBC restriction system is part o f a cluster of six restriction genes at 99 
minutes on the E.coli chromosome (Raleigh et al., 1986). This cluster has been 
designated the immigration control region (ICR) (Raleigh et al., 1989; Kelleher and 
Raleigh., 1991). The hsdRMS genes that encode the Typel restriction enzyme EcoK  are 
flanked by mrr on one side (adjacent to hsdR ) and mcrBC on the other side (Ravi et al., 
1985; Ross and Braymer, 1987; Noyer-weidner et al., 1988; Raleigh et al., 1989; 
Bachman, 1983; Sozhamannan et al., 1988).
The McrBC restriction system is comprised of two genes namely, mcrB and 
mcrC, encoding three genes products (Ross et al., 1989; Dila and Raleigh, 1988; 
Sozhamannan et al., 1988). The mcrB gene produces 51 kDa (M crBJ and 
33kDa(McrBs) proteins (Ross et al, 1987). McrB; is a product of internal, inframe, 
translational start in the mcrB gene (Ross et al., 1989). The McrBg is expressed 
independent of the transcription and translation signals for McrB^ as demonstrated by 
deletions of the N-terminal coding portion of the mcrB gene (Ross et al., 1989, Zheng et 
al., 1992). The mcrC gene product is a single 39kDa protein (Zheng et al., 1991; Ross et 
al., 1989; Raleigh., 1986)
The McrBC restriction requires GTP or AT? for activity. The mcrB gene has a 
GTP binding motif (Dila et al., 1992; Sutherland et al., 1992; Kruger et al., 1995). Non-
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hydrolyzable GTP analogues with non-cleavable P-y linkages or diphosphates were not 
used by the McrBC proteins suggesting a hydrolyzable phosphate bond is necessary 
(Sutherland et al, 1992). The McrC protein has been shown to be a basic protein (Ross 
et al., 1989; Dila et al., 1990).
The products of the mcrB and mcrC genes are required for restriction o f most, if  
not all McrBC recognized substrates (Dila and Raleigh 1988, Ross et al., 1989, Dila et 
al., 1990, Kretz et al, 1991). M-A/spI or M .& fl modified DNA is restricted by the mcrB 
gene product alone when expressed from a plasmid (Dila and Raleigh 1988, Dila et al., 
1990, Kelleher and Raleigh 1991, Kretz et al., 1991).
The target sequence for McrBC restriction is G"C or R""C containing DNA 
(Raleigh et al., 1986). The actual target for McrBC restriction has been proposed to be 
R""C (N^o^) R™C (Sutherland et al., 1992) where N^^o indicates the number o f 
nucleotides between the methylated bases. Using purified proteins, cleavage was shown 
to be at multiple positions on both strands. A DNA target with appropriately spaced 
methylated cytosines on only one strand is sufficient for cleavage (Sutherland et al., 
1992; Beary 1993).
Several in vivo assays have been carried out to understand the makeup of the 
active restriction complex. Fourteen different methylases generate the pattern G"C 
conferring sensitivity to McrBC restriction. Either the efficiency of transformation o f 
the E. coli with a methylated plasmid or the plaquing efficiency of a methylated phage X 
have been used as a measure for the restriction ability of a host. The RglB restriction is 
defined as the restriction of "™C containing DNA (Janulaitis et al., 1988 ; Kessler et al..
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1990) and requires the presence of both the McrBC genes in the host. Efficiency o f 
plaquing o f phage T4gt (i.e., phage lacking both glucosyl transferases) can be used as a 
measure o f restriction by the host. Reduced plaquing efficiency compared to an 
appropriate control is an indicator of greater host restriction. The McrBC restriction 
assay measures the restriction of DNA substrates containing 5-methylcytosine or N^- 
methylcytosine (N'’“C) (Habermann 1974; Kaiser A.D, 1957).
The McrB protein alone has restriction and restricts the ”*C containing target 
also with a different sequence context (Dila et al, 1990; Beary, 1993). The méthylation 
pattern generated by M.jffjwRI (GG*'"CC)has been generally used as the target for the 
McrBC restriction assay while that generated by M.SPR (GG’̂ CC, ^™CCGG) has been 
used as the target for McrB alone assays in our laboratory.
Model for the subunit interactions in the McrBC system
The effect of the overexpression o f  the various subunits of the McrBC enzyme 
from plasmid constructs on the restriction activity has been examined (Beary, 1993). At 
elevated levels of the McrBs or McrC subunits, the restriction of methylated phage X 
was found to be essentially eliminated. Interestingly, upon concomitant overexpression 
o f both McrBg and McrC subunits, restoration of the restriction activity to normal levels 
was observed in a phage plaquing assay. When the levels of the McrBg protein were 
lowered in the cell by synthesizing antisense RNA to block translation initiation o f 
McrBg, the restriction levels were found to be significantly higher, even to levels 
causing chromosomal damage to the cell. These observations led to a model (Fig. 1) 
which depicted interaction between the different subunits, regulating the level o f













* Assayed when overexpressed from a plasmid
Figure 1. A model for the interactions of the subunits in the McrBC system - The
model shows interactions between McrB^ dimers and McrC to form the active complex. 
The composition of the inactive complexes are also shown. The filled circle represents 
the McrC subunit.
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restriction (Beary, 1993). The model proposes that the levels of the different subunits is 
critical to the optimal restriction activity. At high levels o f the McrC or McrBg subunits, 
inactive complexes were presumed to be formed due to loss of restriction activity. When 
C-terminal truncations of the McrBg peptide were carried out in the presence o f 
authentic McrB^ and McrBg, there was dramatic increase in restriction activity with the 
decrease in the size of the truncated peptide. It was thought that there was competition 
between authentic McrBg and the truncated McrBg peptides for the McrB^, hence 
leading to loss o f regulation o f restriction causing hyper-restriction.
In the model, the active endonuclease, McrB^ has been proposed to associate as 
a dimer or multiple dimers (Kruger et al., 1995). The proposal that McrB^ acts 
minimally as a dimer is also supported on genetic analysis (Beary, 1993). Evidence for 
DNA binding by the McrB^ subunit has also been presented (Kruger et al., 1995; Beary 
1993). While McrBg does not play a role in the restriction, it was found to be necessary 
to modulate the level of restriction (Ross et al., 1989; Beary, 1993). However, no 
evidence for DNA binding by McrC is demonstrated (Kruger et al., 1995; Beary, 1993). 
Since the McrC protein is necessary for the McrBC restriction of almost all methylated 
targets, it has been proposed to play a role in the enzyme’s catalytic activity (Kruger et 
al., 1995).
The aim o f the present work is to provide biochemical evidence for the genetic 
interpretation o f the McrBC subunit interactions. (1) McrB^, McrBg, McrC interactions 
were examined by affinity chromatography followed by western blot analysis. 
(2) DNA-McrBC interactions were used to map the recognition and binding sites on a 
methylated DNA target. (3) The site o f  cleavage of a methylated DNA target by the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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McrBC proteins was examined with the use of a  primer extension assay. (4) A truncated 
McrBg peptide was studied as a non-specific endonuclease which could harbor a 
component of the active site of the McrB^ protein.
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Materials and Methods 
Bacterial Constructs and growth conditions
The bacterial strains and plasmid vectors used in this study are listed in Table 1. The 
E.coil strains JM107 (mcrBC^ and DHSaMCR (mcrBC) are derivatives o f MM294. The 
mcrB and mcrC gene constructs were expressed from different plasmids that had different 
origins of replication (ori) and were therefore compatible in the same host. In case o f 
plasmids possessing like ori in the same host, the plasmids were constructed to express 
different antibiotic resistance genes. The strains were cultured in LB broth (Miller, 1972) or 
in LB 1.5% agar plates supplemented with the appropriate concentrations of the antibiotic 
depending on the antibiotic selection needed for the plasmid(s). Plasmids were introduced 
into E.coli strains by competent cells produced by either CaClj treatment (Lederberg et al., 
1974) or CaCl; and RbCl^ treatment (Kushner, 1978).
McrBC assay to verify activity of the clones using methylated X phage
McrBC activity refers to the ability of McrBC restriction endonuclease to cleave 
substrates modified at one of many characterized patterns (Noyer-Weidner et al., 1986 and 
Raleigh et al, 1989). The méthylation pattem GG^^CC of M. BfuRI was used to represent 
the méthylation patterns. Both McrB^ and McrC proteins have been previously 
demonstrated to be required for the restriction of DNA containing this pattem (Dila. D et 
al., 1988, Dila. D et al., 1990, Pieckarowicz et al., 1991; Ross et al., 1989 and Kruger et al., 
1995). The methylated phage X. BsuRL was generated by passage o f A.vir through a host 
DHSaMCR strain, carrying a plasmid encoding the BsuRl methylase.
11
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Table 1. Bacterial strains, bacteriophage and plasmid vectors
Bacteria, Plasmid 
Vector or Phage Relevant Features Reference
Bacterial strains
JM107 mcrA, mcrBC*, hsd Raleigh et al., (1986)
DHSaMCR™ mcrA, mcrBC, hsd, mrr Bloom et al., (1988)
M15Rep4 lac, ara, gal, mtl, recA*, uvr* Villarejo and Zabin, (1974)
Bacteriophage
X vir vir Sanger et al., (1982)
Plasmids
pBR322 Ap% Tc% Col E l 
origin of replication Bolivar et al., (1977)
pACYC184 Cm% Tc% pi 5a ori Chang et al., (1978)
pUC18/pUC19 Ap% rop. Col E l ori Yanisch-Perron et al., (1985)
pQE 70 Ap' Bujard et al., (1987)
pMAL-c2™ Ap% Col El ori Guan et al., (1987)
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Strains to be assayed were grown to ODgoo o f 0.5-1.0 and 200 pil o f  culture was 
added to 100 pil o f a phage dilution that would yield countable numbers (30-300) plaque 
forming units (pfu). EfiBciency o f plating (EOF) was determined by dividing the number of 
plaque forming units (pfu) obtained when infecting strain X with methylated 1 by the pfu 
obtained when infecting the permissive host DHSaMCR with the same phage. For a given 
strain, restriction was calculated by dividing the EOF obtained when infected with non- 
methylated X (X.0) by EOF obtained when infected with methylated X.
Fhage X dilution buffer consisted of 50 mM Tris-HCl (pH 7.8), 0.2 M NaCl and 
0.4% MgS0^.7H20. To this phage-cell mixture, 2.5 ml of 0.8% top agar was added and the 
entire mix poured onto an L-agar plate. Flaques were counted after an overnight incubation 
at 37°C.
McrB* assay using methylated Xphage
McrB* is defined as restriction observed with the expression of the mcrB gene 
alone (in the absence of mcrC) and is distinct from the restriction requiring both mcrB 
and mcrC expression. This activity can be assayed on a DNA substrate with ^"'CCGG 
modification. Methylated phage X designated as X.SFR was generated by passing X vir 
through DH5aMCR that contains a plasmid encoding the phage SFR methylase. The 
plaquing efficiency of this methylated phage was used to assay for McrB* activity. 
Efficiency of plating and restriction were calculated as described above in the McrBC 
assay.
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Construction of plasmids overexpressing McrBC, McrB, McrB$ proteins and a 
truncated McrBg peptide
Construction o f plasmids pBAB88, pBABSO, pBAB43, pBAB46b and pBAB56 
have been described previously (Beary, 1993). Plasmid pRAB17, which expresses 
McrB; alone was described previously (Ross et al, 1989). Plasmid pMAG65 was 
constructed by Robert Menuet and expresses a truncated McrBg product. The plasmid 
pMAG65 was generated by cloning a 201 bp Sspl-Bst\Jl fragment of the mcrB gene into 
the pUC18 vector. The insert represents a C-terminal truncation of the McrBg product. 
The truncated McrBg protein is expressed as an N-terminal fusion o f the lacZ’ gene 
product of the vector pUC18. The existing plasmids were used to transform the host 
strain £. coli DHSaMCR for this study.
Construction of pMAL fusion plasmids overexpressing McrB and McrC proteins
The plasmid vector pMAL-c2 (expressing mzdtose binding protein that is 
retained in the cytoplasm) was used to generate MalE-McrB and MalE-McrC fusion 
proteins. DNA fragments encoding the mcrB and mcrC genes were amplified from the 
McrBC* strain JM107. The primers used for the polymerase chain reaction (PGR) 
amplification are shown in Figure 2. The thermal cycle program was set up with 
denaturing temperature o f 93°C (1 min), armealing temperature of 45°C (2 min) and 
elongation at 72°C (3 min) for 25 cycles. The Perkin-Elmer PGR reaction kit was used 
to provide the buffer and the nucleotide triphosphate mix necessary for the 
amplification. An EcoRl-BamVD. PGR amplicon o f mcrB and an EcoRl-Pstl PGR 
amplicon of mcrC were ligated into the pMAL-c2 digested with the corresponding 
restriction enzymes. The host strain DHSaMGR was then transformed with the fusion






































Figure 2. The map of mcrBC and the primers for mcrB and mcrC amplification - The forward and reverse primers used 
for the amplification of mcrB and mcrC are shown using arrows. The nucleotide sequence of the primers used for the 
amplification is also shown. The large open arrow within the mcrB coding region represents the coding region.
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constructs of mcrB and mcrC genes. The presence of the correct DNA insert in the 
plasmids was verified by restriction digestion of the insert DNA with an enzyme that 
cuts inside the gene. All restriction digests of plasmid DNA were analyzed by agarose 
gel electrophoresis. The construct expressing the MalE fused with the mcrB gene 
product was called pGAB94 and the construct expressing MalE fused with the mcrC 
gene product was called pGAC95.
A time course study o f the induction of the culture at OD̂ oo reading o f 0.3 with 
0.3 mM IPTG, final concentration was carried out to examine the expression of the 
above fusion products. A comparison of the expression firom the construct carrying the 
vector alone with the host cell containing the desired fusion construct was carried out to 
make sure that a protein o f the appropriate size was made. A 4-20% polyacrylamide gel 
(SDS-PAGE) was used for the electrophoresis analyses of the proteins at 100 volts 
(Laemmli, 1970). The activity of the McrB and McrC fusion proteins was also tested 
using a complementation assay to verify restriction o f methylated phage X (as explained 
in the previous section). The strain with the fusion product o f the mcrB gene was 
complemented with a plasmid producing the McrC protein, pBAB46b. The strain with 
the fusion product of the mcrC gene was complemented with mcrB gene (pBAB43) to 
study the activity of the fusion McrC protein.
Purification of the fusion products
The McrB and the McrC fusion products were purified firom a crude cell extract 
containing high amount o f fusion product by affinity chromatography utilizing an 
amylose resin in a batch preparation according to the protocol recommended by New
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England Biolabs. Proteolytic cleavage o f the MalE-McrB and the MalE-McrC fusion 
products was attempted using the factor Xa protease to release the protein of interest 
from the MalE fusion. Multiple cleavage products of varying molecular weights was 
observed indicating that our protein contained internal non-specific cleavage sites. Since 
the factor Xa cleavage did not yield appropriate cleavage products, the purified fusion 
proteins were used in the Western blots.
Construction of histidine tagged form of a truncated McrBg peptide
The plasmid vector pQE70 (Quiagen) was used to generate a C-terminal 6x His- 
tagged product o f  the truncated McrBg peptide from the plasmid construct pMAG65. 
Forward and reverse primers were designed to amplify the portion of mcrB gene 
expressing the 65 amino acid peptide. The forward primer was designed with an £coRI 
site along with a strong ribosome binding site 
(CGGAATTCGGAGGTTCCACCTATG). This would enable better expression of the 
His-tagged peptide as the vector permits the usage of the authentic ATG start codon for 
gene expression. The reverse primer contained a BamHI site 
(CGGGGATCCTCTTAGAGTCC). The vector and the PGR amplified insert firagment 
were ligated at the EcdBl-BamYQ. restriction sites. The ligated plasmid was transformed 
into host strain M15Rep4. The His-tagged product was purified using TALON metal 
affinity resin from Clontech as per the manufacturer’s protocol.
DNA Cutting assay
Activity o f  the His-tagged peptide was assayed using a methylated and non- 
methylated plasmid DNA as substrates in a DNA nicking assay. This assay examines 
the in vitro activity of the different peptides of the McrBC system by virtue of the
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different migration patterns o f a plasmid DNA subjected to digestion. Cell free extracts 
of an overnight culture of host strains DHSaMCR (pBAB99), DHSaMCR (pBAB88), 
DHSaMCR (pMAG6S), DHSaMCR (pRABlT) and the His-tagged construct of 
truncated McrBg (pGAB97) were prepared. The liquid cultures were centrifuged to 
concentrate the cells and the pellets were resuspended in column buffer (20 mM Tris- 
HCl pH 7.4, SO mM NaCl, 1 mM EDTA). With PMSF (SO pg/ml final concentration) 
the cells were lysed by sonication using three, ten second pulses with the microtip o f a 
sonicator (model W-220, Heat system Ultrasonics, Inc). The protein concentration of 
the extract was determined using the Bio-Rad protein assay based on the Bradford 
technique (Bradford, 1976).
The reaction consisted o f 0.1 pg DNA, IX GibcoBRL React 2 buffer (SO mM 
Tris-HCl pH 8.0, 10 mM MgClj, SOmM NaCl), 20 mM GTP (final concentration), 16 pi 
cell free extract (30-S0 pg protein). The reaction was incubated for 30 minutes at 37° C. 
Upon completion the reaction was stopped by the addition of 1 pi o f O.SM Na^EDTA 
pH 8.0, extracted with phenol-chloroform and ethanol precipitated (Maniatas et al., 
1982). The resuspended sample was run on a 1% agarose gel after adding 1 pg RNase A 
and 0.2 volumes of 26% ficol with 0.1% bromophenol blue. The topological forms of 
the supercoiled DNA substrate ( i. e., supercoiled, open circular and linear) were 
identified following ethidium bromide staining.
Antibody purification and western blotting
Polyclonal antibodies against the mcrB gene products produced in rabbits using 
purified McrB^ and McrBg were a kind gift of Dr. H. Braymer to Tim Beary (Beary,
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1993). The polyclonal antibody was purified by using Pharmacia's Protein G Sepharose 
4 Fast Flow column with the Econo system from Bio-Rad laboratories. The antibody 
obtained upon elution was dialyzed against neutralizing buffers. Concentration of the 
antibody was achieved by using Amicon filter system. The resulting concentrate was 
allowed to incubate for 30 minutes at 56°C to inactivate complement and stored in 
0.02% azide at -20° C.
Before the western blotting studies describe here, the concentrated antibody was 
treated with DHSaMCR (McrBC) whole cells and crude extract to minimize the 
background reactions between E. coli proteins and the polyclonal antibody. For western 
blots, the McrB specific antibody was used at 1:1,000 final concentration in antibody 
dilution buffer. The McrB antibody was allowed to bind overnight. For detection of 
antibody binding, the chemiluminescent blotting detection kit for rabbit antibodies from 
Bio-Rad laboratories with all appropriate manufacturer’s parameters was used.
Proteins immobilized for western blots using standard procedures (Salinovich et 
al., 1986). Cell free extracts o f strains to be assayed in this procedure were prepared as 
explained in a previous section. The binding o f the 120 pg total protein of crude extract 
of cells carrying the MalE-McrB construct or control to 200 pi amylose resin was 
allowed to take place for 15 minutes on ice. The resin was centrifuged at 15,000 X g for 
2 minutes, and the supernatant was discarded. A 25 pi volume o f resin was sampled as 
“wash 0”. The resin was resuspended in 200 pi column buffer ( 0.05 M NaCl, 1 mM 
EDTA and 20 mM Tris-HCl pH 7.4) and centrifuged again. The supernatant was 
discarded. A 25 pi volume o f resin with bound protein was sampled as “wash 1”. These
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wash steps were repeated with subsequent sampling o f the resin. The proteins in the 
resin was analyzed on a 4-20% mini SDS-PAGE using a Bio-Rad mini Protean H cell 
after heating for 3 minutes at 95®C with sample buffer (Laemmli, 1970). The gel was 
run at 150 volts for about one hour. Electroblotting was performed using Bio-Rad Mini 
Transblot Cell at 20 mamp for 2 hours in the electroblotting buffer (90 mM glycine, 10 
Mm Tris, 20% methanol).
^̂ S labeling studies
An overnight culture of each host strain to be examined was subcultured in low 
sulfate minimal medium (Silverman et al., 1995) with appropriate antibiotics. The 
culture was allowed to grow until it reached an OD600 unit of 0.3, when 5 pCi of 
Na,^*S0 4  was added to the culture. At OD«)o o f 0.5 the culture was induced with 0.3 
mM IPTG for 3 hours. A 50 pi aliquot o f the culture was spotted on a glass fiber filter. 
A 100 pi sample of culture was precipitated with 10% TCA and collected on a glass 
fiber filter and rinsed with 5% TCA. Incorporation of ^̂ S was determined prior to 
processing o f cells. The cells were then pelleted and resuspended in column buffer. A 
cell-free extract was prepared by sonication as described previously. A 25 pi sample of 
crude extract was spotted on glass fiber filter and another 25 pi subjected to TCA 
precipitation. The specific activity o f the labeled proteins was determined after 
determining the protein concentration o f the crude extract as described previously. The 
extract was subjected to binding by the amylose resin. Resin samples were collected as 
explained earlier. The samples were electrophoresed on a 15% Polyacrylamide gel 
(Laemmli, 1970) until the dye ran off the gel. The gel was stained with coomassie blue
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and dried. Labeled proteins were detected on the dried gel by autoradiography using 
Kodak XAR5 film.
Target preparation for foot printing assay
The target DNA fragments used in the footprinting experiments possessed one, 
two or three PvuH méthylation sites (Beary, 1993). The plasmid containing two and 
three copies of a 37 bp PvuQ. containing fragment was designated pBAB63.11 and 
pBAB63.1, respectively. Plasmid pBAB62 had one PvuH méthylation site. The DNA 
fragments possessing two and three sites were constructed from ligation of multiple 37 
bp fragments. To verify the sequence and méthylation sites, the targets were sequenced 
using the Circumvent kit manufactured by the New England Biolabs in a thermal cycle 
sequencing process (Adams et al., 1991). Linearized plasmid template was used in the 
sequencing reaction set up according to manufacturer’s directions. A series of DNA 
fragments containing 1, 2 or 3 PvuH méthylation sites were prepared. The plasmids 
containing 1, 2 or 3 target sites were isolated using the alkaline lysis technique followed 
by the CsClj-ethidium bromide density gradient centrifugation (Maniatis et al, 1982). 
The plasmid DNA was digested with EcoPl and was uniquely end labeled using the 
KJenow polymerase and [a^^P]dATP. The labeled target DNA fragment was released 
from the plasmid by digestion with BamVl. The target DNA fragment was purified by 
polyacrylamide gel electrophoresis and eluted from the gel (Maxam-Gilbert, 1982). The 
labeled fiagments served as the substrate DNA for DNase I footprinting assay.
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DNase I footprinting assay
DNase I footprinting was used to study the specific DNA-protein interactions of 
the various subunits of the McrBC restriction system with the methylated DNA targets. 
DNase I footprinting of the uniquely end-labeled DNA fragment was done using the 
procedure of Achberger et al (1982) with some modifications. Approximately 10* cpm 
of 5’ end labeled target DNA was incubated with the cell-free extracts of the test strains 
at 30°C for 5 minutes with 100 mM GTP in 100 pi o f binding buffer (20 mM Tris, 100 
mM KCl). DNasel digestion o f the substrate was performed for 30 seconds by the 
addition of 10 pi of a 80 pg/ml of DNase I made up in 10 mM CaCl^. The reactions 
were stopped by adding an equal volume of phenol-chloroform (1:1) solution, 20 pi 3 M 
sodium acetate plus 1 pi (1 mg/ml) of yeast tRNA. The reactions were mixed in a vortex 
mixer and the phases separated by centrifugation. The DNA was precipitated from the 
aqueous phase with ethanol and rinsed with 80% ethanol. The dried DNA pellet was 
resuspended in a 5 pi of formamide loading buffer (10 ml deionized formamide, 10 mg 
xylene cyanol, 10 mg bromophenol blue, 0.2 ml 0.5 M EDTA, pH 7.0), heated at 95°C 
for 5 minutes and placed on ice immediately prior to loading onto a denaturing gel. The 
samples were electrophoresed on a 5% polyacrylamide (30:1.5 acrylamide:bis) gel 
containing 7 M urea in TEE buffer (89 mM Tris, 89 mM boric acid, 2.5 mM EDTA, pH 
8.3). Following electrophoresis at 1,700 volts for the appropriate lengths of time 
(depending on the target fi-agment length) the gel was dried for autoradiography. 
Autoradiograms were analyzed by densitometry.
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Primer extension analysis
The primer extension analysis was carried out to study the site o f cleavage by 
the McrBC proteins on plasmids containing the target DNA. The template was treated 
as described for the cutting assay, and a portion o f the DNA was verified to be digested 
by agarose gel electrophoresis. The M13/pUC sequencing primer (24mer) from New 
England Biolabs was labeled with [ y^^PjATP by a kinase reaction and used in a primer 
extension reaction. The reaction used Perkin-Elmer PGR reagents under the conditions 
recommended by the manufacturer. The reactions were subjected to 20 cycles o f 40 sec 
at 94°C, 40 sec at 60°C and 40 sec at 72°C using a Perkin-Elmer model 480 thermal 
cycler. The reactions were analyzed on a 6% sequencing gel as described above and the 
DNA cleavage site visualized by autoradiography. A sequencing reaction o f the target 
DNA was used to identify the site o f  cleavage. (Sanger et al., 1982; Adams et al., 1991).
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Protein-protein interactions in the McrBC system
Evidence for the interactions between the different subunits o f the McrBC 
system has been presented based on extensive genetic analysis (Beary, 1993). When the 
level of expression of the different subunits was increased or reduced, a profound effect 
was observed on the levels o f  restriction. Overexpression o f the McrBg or McrC 
subunits significantly reduced the levels of restriction while the lowered expression of 
the McrBg subunit caused McrBC-dependent induction of the SOS response and 
decreased viability. Concomitant overexpression of McrC and McrBg subunits lead to 
restoration o f original restriction levels (termed “restriction rescue”). These 
observations indicate the existence of interactions among the three subunits of the 
McrBC system that determine the fimctionality of the system. A model was proposed 
based on the genetic analysis to describe an active restriction complex (Fig.l).
The model proposes that the fimctional restriction complex is minimally a dimer 
of McrB^ subunits bound by an McrC subunit. It has been established that for most 
methylated targets the McrB^ and McrC subunits are both necessary for restriction. 
Since the levels of McrBg is critical for the restriction and cell viability, this subunit is 
proposed to be the regulatory subunit.
In order to demonstrate the subunit interactions, western blot analysis was 
carried out using anti-McrB antisera. The initial step to this western blot analysis 
involved the construction o f plasmids to overexpress McrB and McrC as MalE fusion 
proteins. The goal was to use the MalE portion to immobilize McrBC complexes and 
study protein associated with the complexes.
24
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Construction and characterization of plasmid pGAB94
The mcrB gene was amplified firom the E. coli JM107 using McrB specific 
primers and (Fig. 2) and Pfu DNA polymerase. The amplification product was cloned 
into vector pMAL-c2 (New England Biolabs) to generate a fusion MalE-McrB product 
This plasmid construct was labeled plasmid pGAB94. After the transformation into 
E. coli DHSaMCR and initial screening, seven clones with the entire mcrB gene were 
identified. All the clones were tested for the expression of the MalE-McrB fusion 
proteins following induction with isopropyl P, D-thiogalactoside (IPTG). Five clones 
expressed full length MalE-McrB fusion proteins while the remaining expressed 
truncated fusion proteins. The clones expressing the truncated proteins had a full length 
mcrB gene as apparent from the plasmid isolation and restriction digestion. Hence, it is 
possible that the mcrB gene must have acquired a mutation causing premature 
termination o f the gene expression in these clones.
Out o f the five clones, two (clone 6 and clone 15) with the strongest expression 
o f the fusion protein were examined for the activity of the fusion product. Both of these 
clones were transformed with plasmid pBAB46b, which expressed the McrC protein. 
The overall transfonnability o f clone 15 was approximately five fold lower than that o f 
clone 6. An attempt to transform these clones with plasmid pBAB88 expressing both 
McrB and McrC proteins also yielded very few colonies with clone 15 compared with 
clone 6. The low transformation observed for clone 15 may reflect the overproduction 
o f the McrB activity.
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Using clone 6 and clone 15 transformed with McrC and McrBC expressing 
plasmids, restriction activity was assayed (Table 2). Clone 6 (pBAB46b) did not have 
any restriction by itself on XSPR  whereas clone 15 (pBAB46b) had significant 
restriction with this methylated phage DNA. Interestingly, clone 6 cotransformed with 
pBAB88 seemed to have very low restriction compared to pBAB88 alone indicating 
that the MalE-McrB fusion protein in clone 6 was inhibiting the action o f  the McrBC 
system being expressed from plasmid pBAB88. This inhibition of McrBC activity is 
one of the likely outcomes o f the overproduction o f a catalytically inactive subunit that 
has retained the ability to bind other subunits. The levels o f restriction with clone 15 in 
the presence o f pBAB88 was comparable to that observed with pBAB88 alone. This 
indicates that the MalE-McrB fusion protein in clone 15 had some activity whereas the 
fusion protein in clone 6 did not.
Clone 15, expressing an active MalE-McrB fusion protein, posed some 
difficulties in culturing the cells. After transfer from an overnight culture, this clone did 
not grow well in full strength antibiotic medium. Also, induction of this strain with 
IPTG was a problem. Upon induction, the cells lost viability. Since, clone 6 inhibited 
the activity of McrBC expression from plasmid pBAB88, it seemed logical that there 
was interaction o f the MalE-McrB fusion protein from clone 6 with the McrBC protein 
o f pBAB88. Hence, for the western blot analysis, clone 6 transformed with pBAB88 
was used.
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Table 2. The effect of overexpression of MalE-McrB on McrBC restriction
Strain* Efficient^ of Plating (EOF)*’ Restriction'
X.0 X.SPR
DHSaMCR 1.0 1.0 1.0
(pBAB88 + pMAL-c2) O.S 8X10-* 62S
(Clone 6 + pBAB46b) 0.7S 0.817 0.9
(Clone 6 + pBAB88) 1.1 1.2 0.9
(Clone IS + pBAB46b) 0.8 7 X 10'̂ 11.4
(Clone IS + pBAB88) 0.73 1.3 X 10 '̂ S61
a All the plasmids represented here were present in host strain DHSaMCR.
b Efficiency of plating is defined as: titer o f the phage on strain x / titer of the
phage on permissive host DHSaMCR. 
c Restriction is defined as: EOF for X.O / EOF for X.SPR.
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Western blotting
The objective of the western blot analysis was to use the MalE-McrB fusion to 
immobilize McrBC complex to amylose resin. After washing the resin to remove 
loosely associated protein, the complexes were analyzed by polyacrylamide gel 
electrophoresis and western blot analysis using anti-McrB antiserum. The antibodies 
could be used to detect authentic McrB^ retained on the resin through protein-protein 
interactions with the MalE-McrB fusion protein.
Initial attempts with the overexpressed clone 6 (pBAB88) in the western blotting 
analysis gave marginal evidence for the McrB^ - McrB^ interaction. Even after several 
repeats to correct any possible errors in the experimental procedure, clear results of 
copurification of authentic McrB^ with the fusion McrB^ were not seen. Therefore, it 
became necessary to test whether the expression of the fusion protein was somehow 
altering the expression of the authentic McrB^ protein. The clone with the fusion protein 
was sampled at 0, I, 2, 3 and 4 hours of induction with IPTG. The number of cells in 
each sample was normalized based on culture density and cell free extracts were 
prepared. The extracts were analyzed by western blotting probed using anti- McrB 
antibody. It was interesting to note that the levels o f authentic McrB^ was progressively 
diminished with increased time o f  induction when compared to zero hours of induction 
(Fig. 3). This suggests that there is a likely autoregulation of the levels o f McrB^ protein 
in the cell at some level. This would not be unexpected since elevated levels o f the 
McrB^ protein can cause damage to cellular DNA and induction o f the SOS response 
(Beary, 1993). Figure. 3 clearly demonstrates that the McrBg protein is also expressed 
from the plasmid encoding the MalE-McrB fusion protein (pGAB94).
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Figure 3. Western blot analysis to test levels of McrB^ and McrBg with 
induction of pGAB94 - Lane 1 contains the McrBC* extract of DHSaMCR, lane
2 contains the McrBC^ extract of DHSaMCR (pBAB88), laneS contains the 
extract of DHSaMCR (pGAB94) cells not induced with IPTG, lanes 4-7 contain 
the extract of DHSaMCR (pGAB94) cells induced with IPTG for I hour, 2 hours,
3 hours and 4 hours respectively. The arrowhead with the letter “A” indicates the 
band corresponding to the MalE-McrB^ fusion protein. The letter “B” indicates 
the band corresponding to authentic McrB^ protein. The letter “C” indicates the 
McrBg protein. The molecular weight markers are listed alongside the blot.
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When the western blot analysis was attempted using uninduced cultures o f 
DHSaMCR (pGAB94 + pBAB88), it was seen that authentic McrB^ and McrBg, 
copurified with the MalE-McrB^ proteins bound to the resin (Fig. 4). Even after five 
washes of the amylose resin, the McrB proteins can be detected, whereas in the lanes 
loaded with the amylose resin incubated with extracts containing only authentic McrB^ 
and McrBg, the proteins washed off by the first wash (Fig. 4). Since the DHSaMCR 
(pBAB88 + pMAL-c2) does not express any protein with high affinity for the amylose 
resin, even though some proteins bind the amylose resin nonspecifically, with 
subsequent washes, non-specific proteins are washed off of the resin.
Construction and analysis of plasmid pGAC95
The western blot analysis approach was used to explore the interaction of McrC 
with McrB. Since attempts to produce anti-McrC antisera have failed, the anti-McrB 
antiserum was used to detect McrB^ and McrBg immobilized to the amylose resin by 
MalE-McrC protein.
The mcrC gene was amplified using mcrC specific primers from the mcrBC 
operon in E. coli JM107. The amplification product was cloned into vector pMAL-c2 at 
the Ecai^-Pstl sites. This construct was labeled pGAC95. After initial screening, a 
clone was identified that had the appropriate size fi-agment as observed by restriction 
digestion of the isolated plasmid. The expression of the MalE-McrC fusion protein from 
the plasmid was verified by SDS-ployacrylamide gel electrophoresis of samples 
collected during induction with IPTG.
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Figure 4. Western blot analysis to test interactions between MalE-McrB and 
authentic McrB proteins - Panel A presents the analysis of amylose resin retention of 
McrB proteins from DHSaMCR (pGAB94 + pBAB88) containing MalE-McrB and 
McrBC subunits. Panel B presents the analysis DHSaMCR (pBAB88) containing only 
the McrBC subunits. Lanes labeled 0,1, 3 and 5 under panels A and B mean the number 
of washes the amylose resin bound by the crude extract was subjected to, before 
sampling 25 pi of resin. The solid arrow with label “I” marks the fusion MalE-McrB 
protein, “11” indicates the authentic McrB^ protein and “III” indicates the McrBg protein. 
The molecular weight markers are marked alongside the blot.
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The activity of the expressed MalE-McrC fusion protein from the plasmid was 
tested in a phage plaquing assay (Table. 3). As expected, the McrC fusion product by 
itself did not restrict kSPR  or X^suRl. Test of DHSaMCR (pBAB43) a construct 
expressing the mcrB gene alone shows significant restriction of ^SP R  which can be 
restricted by McrB alone, as compared to the restriction o f X ^suR l requiring the 
products of both mcrB and mcrC genes (Table. 3). When DHSaMCR (pBAB43) was 
transformed with pGAC9S, it was observed that the levels of restriction of this clone 
expressing both the McrB and MalE-McrC fusion proteins was significantly more than 
pBAB43 alone. Since, A..jBjmRI has a méthylation pattern that requires both McrB and 
McrC for restriction, the fusion protein was active and interacted with McrB.
The McrC fusion protein was expressed from the strain DHSaMCR (pGAC9S + 
pBAB88) without IPTG induction based on our experience with the McrB fusion 
protein. A crude extract of the bacteria expressing McrC fusion protein and the 
authentic McrB and McrC proteins was allowed to bind the amylose resin in a batch 
process. The resin was sampled after subsequent washes and analyzed by 
polyacrylamide gel electrophoresis. After blotting, the membrane immobilized proteins 
were probed with anti-McrB antibody. Authentic McrB^ and McrBg copurified with the 
immobilized MalE-McrC fusion protein even after five washes (Fig. S). For extracts 
containing McrB proteins without the fusion protein, no McrB was boimd to the resin. 
The binding of McrB^ and McrBg to the immobilized McrC fusion protein is probably 
not as tight as that was seen between the McrB ftision protein and the authentic McrB^ 
protein based observed on the intensity of the western blot signal in several trials.
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Table 3. Effect of the expression of MalE-McrC on McrBC restriction
Strain* Plaque Forming Unit (pfu)
X.0 (10^ XSPR  (10^ X^sffRI (10-*)
DHSaMCR 30 >300 >300
(pGAC9S) 26 >300 >300
(pBAB43) 25 1S3 >300
(pGAC9S + pBAB43) 16 2 80
All the plasmids represented here were present in host strain DHSaMCR.
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Figure 5. Western blot analysis to test the interactions between the authentic 
McrB^, McrBg and the MalE-McrC fusion proteins - Panel A presents the 
analysis of amylose resin retention of McrB proteins from DHSaMCR (pGAC95 
+ pBAJB88) containing MalE-McrC and McrBC subunits. Panel B presents the 
analysis for DHSaMCR (pBAB88 + pMAL-c2) containing only the McrBC 
subunits. The lanes marked O, 1, 3 and S under both the panels A and B indicate 
the number of washes the amylose resin was subjected to before the sampling. 
The solid arrow with “1” indicates the position of authentic McrB^ and “H” 
indicates the migration of McrBg. The molecular weight markers are indicated 
alongside the blot.
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In order to study possible interactions between the authentic McrC and the 
fusion McrC proteins, antibody against McrC would be an useful tool. To that end, an 
attempt was made to produce anti-McrC in a rabbit using the MalE-McrC fusion 
protein. The attempt yielded antibody against the MalE portion but no recognition of 
authentic McrC was seen. Previous attempts by another group at raising anti-McrC 
antibodies in rabbits did not yield the desired antisera. This may mean that the McrC 
protein is not sufficiently immunogenic to elicit a good antibody response in the rabbit 
system.
Study of protein-protein interactions using '̂S labeling
To test for other proteins that interact with McrC, whole cells labeled with 
were used. DHSaMCR (pGAC95 + pBAB88) and DHSaMCR (pBAB88) cellular 
extracts were prepared, bound to amylose resin and samples of the washed resin were 
analyzed by polyacrylamide gel electrophoresis and autoradiography. Immobilized 
fusion McrC was used to fish out other cellular proteins that might copurify along with 
it. No specific protein was observed to copurify with the fusion McrC product (data not 
shown). The low levels of expression o f the McrBC operon did not permit the products 
to be expressed in sufficient quantities to be detected in the analysis.
DNase I footprinting analysis
DNase I footprinting assay was used as a means to map the binding site o f the 
McrBC gene product on the methylated DNA target. Previous gel retardation assays 
demonstrated methylation-specific DNA binding by the McrBC proteins (Beary, 1993). 
The DNA-protein complex was unstable and required UV-crosslinking before analysis
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by the gel retardation assay. Based on those experiments, it was suggested that McrB^ 
by itself can bind specific méthylation targets. The binding was more evident with a 
DNA substrate containing two or three méthylation sites compared to a single site. 
McrBC was suggested to bind individual methylated sites or bound multiple sites with 
diverse spacing.
To explore the above observations, it was necessary to go a step further and find 
the actual binding pattern of the McrBC proteins using the footprinting analysis. Since 
the eri2yme preparation was to be crude protein preparations firom E.coli strains, it was 
essential to use defined target DNA firagments. Plasmids with PvwII méthylation sites 
were constructed such that they could be specifically methylated by the Pvull methylase 
encoded by pM.PvuII20, a derivative of pACYC184. The PvuII site was a hybrid site 
created upon deletion of the a-complementation region o f pUCl8 using the flanking 
PvuH sites. The plasmid contained a single Pvull site and was called pBAB99. 
Additionally, the hybrid site present in pBAB99 was subcloned as a 37 bp DNA 
firagment with three copies in tandem (pBAB63.1) and with two copies in inverted 
orientation (pBAB63.11) (Fig. 6). A plasmid containing a DNA fragment with the 
hybrid PvmII site was called pBAB62. The modification pattern generated by Pvull 
methylase is N‘*methylcytosine (^‘"'C).
For use in DNase I footprinting assay, the plasmids were purified by CsCl 
density gradient centrifugation in the presence o f ethidium bromide. For examining the 
DNA-protein interactions, a linear fragment of the plasmid containing the méthylation
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Figure 6. The sequence of the fragments containing N^-methylcytosine subjected to 
DNase I footprinting - Panel “A” shows the sequence of the ISlbp £coRI-SamHI 
fragment from pBAB63.1 containing three Pvull sites. Panel “B” shows the 94bp 
EcdRL-BamYQ. fragment containing two PvuH sites. Panel “C” shows the portion o f the 
243bp fragment of pBAB62 closest to the single PvmII site. The PvmII sites are marked 
with double underline. The asterix mark the methyl cytosines. The sequence is marked 
every ten bases. The diagonal slash marks the ends of the 37 bp repeat containing the 
PvuVL sites.
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target was generated by restriction digestion and uniquely end labeled with [a“ P]ATP 
and Klenow fragment o f DNA polymerase.
Crude extract preparation o f E.coli strains was carried out as explained 
previously. The dilemma was, how does one characterize the DNA binding property o f 
an endonuclease (McrBC) using another endonuclease (DNase I). It was found that 
Câ  ̂cation could be used by DNase I enzyme for effective cleavage while blocking the 
endonucleolytic activity of McrBC, which requires Mg"”̂. The DNase I enzyme was 
diluted in CaCl; to give a final concentration of 10 mM CaCl; in the reaction. Reactions 
were terminated by phenol extraction followed by ethanol precipitation. The samples 
were analyzed on a polyacrylamide gel under denaturing conditions in a DNA 
sequencing apparatus.
DNA binding with McrBC proteins overexpressed from a plasmid construct
The amount of McrBC in E. coli is believed to be very small. It is not possible to 
detect McrBC by western blot analysis unless it is overexpressed from a plasmid. To 
increase the likelihood of detecting McrBC binding to target DNA molecules, the 
McrBC proteins were overexpressed from the plasmid pBABSS. The host strain 
DHSaMCR was use to harbor the plasmid. Target DNA with 1, 2 or 3 Pvull 
méthylation sites was used to assay for DNA binding. The 131 bp target DNA fragment 
with three méthylation sites spaced 37 bp apart was generated from pBAB63.1. The 
footprinting analysis was carried out on both strands of the target DNA. Crude extracts 
of DHSaMCR (100 |ig or 200 pg total protein) and DHSaMCR (pBABSS) (60 pg or 
120 pg total protein) were used to test DNA binding. The reaction included 100 mM
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GTP (final concentration) and no CaClj (10 mM) was only present for the time 
period o f  DNase I cleavage. The protection on the DNA was observed at all three sites. 
A G>A sequencing reaction (Maxam and Gilbert, 1977) of the target fiagment was 
used to relate the DNase I pattern to the DNA sequence. An 8-10 bp region was 
protected from DNase I cleavage at the méthylation sites on the lower strand of the 
DNA fragment (Fig. 7). The presence o f DNase I hypersensitive sites may indicate that 
the DNA helix is distorted by McrBC binding. The protected region included the 
methylated cytosine. A densitometric scan of the autoradiogram was done to examine 
the pattern of protection with McrBC proteins as compared to the McrBC host strain 
(Fig. 8). The accompanying sequence displays the compilation o f regions of protection 
from DNase 1 and hypersensitive sites derived from the autoradiograms and 
densitometric scans of at least two experiments (Fig. 9). The smaller region of 
protection from DNase I attributed to the site farthest from the labeled EcoRL generated 
end may be due to compression of DNA bands at the top of the gel. The protection in 
the upper strand ranged from a 9-12 bp region (Fig 9). It is interesting to note that the 
protected area including the méthylation site at all three regions on both strands were 
found to be on the same side of the DNA helix as observed on a planar projection of the 
DNA double helix (data not shown).
Densitometric scans were used to identify regions protected from DNase I and 
DNase I hypersensitive sites. The regions between the méthylation sites also exhibit 
protection from DNase I cleavage ranging from a single base to a 5 bp sequence. This 
suggests a major conformation change in the target DNA due to the protein binding at 
the méthylation sites. This would be consistent with DNA structuring due to interactions
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Figure 7. DNase I footprinting of the 131bp EcoRL-BamBl fragm ent from 
pBAB63.1 with three PvuH  sites in the presence of the McrBC proteins - Panel A 
includes the lanes treated with the McrBC* cell free extract from DHSaMCR. Panel B 
includes the lanes treated with the McrBC* cell free extract from DHSaMCR 
(pBAB88). The number 0 indicates the lane with the DNA treated with DNase I in the 
absence o f any added crude extract. The numbers 1 and 2 indicate treatment o f the DNA 
with crude extract containing 60 |ig and 120 pg total protein respectively. The three 
panels of nucleotide sequences indicate the bases protected in the region with the Pvull 
sites. The solid arrow marks the methyl cytosine within the Pvull site.
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Figure 8. Densitometric scans of the DNase I footprinting of the 131 bp £'coRI- 
B am E l fragment with 3 Pv«n sites - The label McrBC^ indicates the scan o f the 
DNase I footprinting pattern obtained upon treatment with the extract o f DHSaMCR 
(pBABSS) and the label McrBC shows the scan o f the DNase 1 footprinting pattern 
obtained with the control DHSaMCR extract alone. The lowest scan shows the overlay 
of the scans with and without McrBC. The numbers 1 ,2  and 3 indicate the area with the 
N‘*-methylcytosine and the corresponding protection observed from DNase I cleavage.
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Figure 9. The summary of the DNase I footprinting of the DNA target with three 
méthylation sites in the presence of a cell free extract with McrBC proteins - The
arrows mark the beginning of the 37 bp fragments. The asterix mark the N‘*-methyI 
cytosines. The double lines mark the strongly protected areas. The single lines mark the 
areas with weaker protection. The arrowheads mark the bases with enhanced cleavage. 
The dots mark the sequence at 10 bp intervals.
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between proteins bound at the three sites or the binding o f additional proteins between 
the three sites.
The specificity o f the McrBC proteins for methylated DNA was examined using 
a non-methylated version o f the fragment with three PvuH sites. No DNase I protection 
was observed with this fragment (data not shown). Hence, the site specific DNA 
binding by the McrBC enzyme is specific to methylated DNA.
The extract prepared from our McrBC* construct was also used in testing DNA 
binding to DNA fragments with one or two PvwII méthylation sites. Sequence o f the 97 
bp Eco^-BamlU. generated DNA fragment from plasmid pBAB63.11 is presented (Fig. 
6). This DNA fragment contains two Pvull méthylation sites with 34 bp between the 
'̂■‘"’C residues. Figure 10 presents the densitometric scans o f the DNase I patterns for 
protein extracts from DHSaMCR and DHSaMCR (pBABSS). There is significant 
protection of the methylated target DNA with the McrBC* extracts. The predominant 
effect of McrBC binding is observed at the Pvull methylated sites with less obvious 
effects between the sites. Densitometric data was compiled for at least two experiments 
for each strand o f the target DNA and presented on the sequence of the target DNA 
(Fig. 11). It can be seen that the binding sites included the ‘̂‘“C within an S-10 bp 
region on the lower strand. On the upper strand, the méthylation sites are protected in 
regions spanning 10 bp. Here again the protected regions on both the strands align on 
the same side of the helix. Since, the two 37 bp repeats containing the methylated PvuH 
sites are in opposite orientations and there is just 34 bp between ‘̂“C residues, the 
regions between the méthylation sites protected from DNase I and hypersensitive to
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Figure 10. Densitometric scans of the DNase I footprinting of the 94 bp EcoRI- 
BamHI fragment with 2 Pvull sites - The label McrBC^ indicates the scan o f the 
DNase I footprinting pattern obtained upon treatment with the extract of DHSaMCR 
(pBAB88) and the label McrBC* shows the scan o f the DNase I footprinting pattern 
obtained with the control DHSaMCR extract alone. The lowest scan shows the overlay 
of the scans with and without McrBC. The numbers 1 and 2 indicate the area with the 
N^-methylcytosine and the corresponding protection observed from DNase I cleavage.
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CCGATTCATTAATÔCAGCTGGCGTAATAGCGAAÔAGGGGGGATCC 
GGCTAAGTAATTACGTCGACCGCATTATCGCTTCTCCCCCCTAGG 
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Figure 11. Summary of DNase I footprinting analysis for the DNA targets with two 
méthylation sites subjected to DNase I footprinting in the presence of McrBC* 
extract - The arrows mark the beginning of the 37 bp fragment(s). The asterix mark the 
methylated cytosines. The double lines mark the areas strongly protected by McrBC. 
The single lines mark the areas with weaker protection. The open arrowheads mark the 
bases with enhanced cleavage. The dots mark the sequence at 10 bp intervals.
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DNase I are different than that seen with the three méthylation site target ( i.e., three 37 
bp direct repeats with 37 bp between residues). If  McrBC complexes bound to 
adjacent sites interact, the shorter distance between sites in the two site target could lead 
to a distinct cleavage pattern.
McrBC dependent linearization of plasmids containing single methylated PvuH 
sites has been observed as McrBC specific binding of a single méthylation site (Beary 
1993; Kruger, 1995). Hence, target DNA with a single méthylation site was tested in the 
footprinting assay. DNA fragments from pBAB62 (Fig. 6) were examined for McrBC 
binding, observed as DNase I protection. The densitometric scans o f the DNase I 
analysis comparing cell extracts from DHSaMCR and DHSaMCR (pBAB88) indicates 
a definite albeit weak protection of the single méthylation site. Since, the méthylation 
site was adjacent to one end of the 243 bp DNA fragment, the data for one strand alone 
is presented (Fig. 12). The McrBC complex protected an 8 bp region including the site 
of méthylation (Fig. 13). Sites of DNase I hypersensitivity were indicated. Since, there 
was only a single méthylation site, no intermediate regions of protection was observed. 
The level of binding to a single site was consistently lower than binding to two or three 
adjacent sites. This observation may be related to the report that restriction requires two 
sites within 40-80 bp (Sutherland et al, 1992)
DNA binding by commercial McrBC enzyme
During the comse o f this study, an enzyme preparation containing the McrB^ 
and McrC proteins was made commercially available from New England Biolabs. The 
binding activity of the commercial enzyme was tested as a comparison to the DNA











Figure 12. Densitometric scans of the DNase I footprinting of the 243 bp £coRI- 
BamHl fragment with 1 Pv«II site - The label McrBC^ indicates the scan o f the 
DNase I footprinting pattern obtained upon treatment with the extract o f DHSaMCR 
(pBAB88) and the label McrBC" shows the scan of the DNase I footprinting pattern 
obtained with the control DHSaMCR extract alone. The lowest scan shows the overlay 
o f the scans with and without McrBC. The number 1 indicates the area with the N^- 
methylcytosine and the corresponding protection observed from DNase I cleavage.









Figure 13. Summary of DNase I footprinting analysis for the DNA targets with one 
méthylation site subjected to DNase I footprinting in the presence of McrBC* 
extract The arrows mark the beginning of the 37 bp fragment. The asteriks mark the 
N“-methylcytosine. The double lines mark the areas strongly protected by McrBC. The 
open arrowheads mark the bases with enhanced cleavage. The dots mark the sequence at 
10 bp intervals.
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binding by the McrBC proteins overexpressed from our plasmid constructs. The £coRI- 
BamHL fragment o f pBAB63.1 (131 bp) labeled at the £coRI end was used as the target. 
Total protein concentrations o f  5 pig and 10 pig o f the commercial enzyme was tested in 
the DNasel footprinting assay. Control lanes were used with no added protein and with 
DHSaMCR (McrBC) crude extract. The enzyme was found to cover an 8 bp region in 
the individual méthylation regions including the in the second and third
méthylation sites (Fig. 14). The first site was protected in a 9 bp region including the 
^ ”C. The regions in between the méthylation sites is not as protected when compared 
with the DNase I pattern observed for McrBC^ cell extracts (Fig. 15). This may indicate 
that the activity o f the proteins in the commercial enzyme was low. From direct 
experience, McrBC proteins were short lived in cell extracts. It has also been found that 
the McrBC enzyme at high concentrations can bind non-methylated DNA as observed 
in gel retardation assays (Kruger et al, 1995). The commercial enzyme did not cut 
methylated DNA well and was observed to cleave unmethylated DNA when used in 
high concentration (data not shown).
DNase 1 footprinting with McrB subunits
There are three proteins associated with the McrBC system and all proteins were 
present in the DNase I footprinting studies, above. It was necessary to find out which of 
them actually exhibit DNA binding properties. Gel mobility shift has been observed 
with McrB proteins alone when overexpressed as a fusion product (Kruger et al, 1995). 
No retardation o f mobility was observed with McrC (Kruger et al, 1995). Also, it has 
been established that McrB by itself can cleave certain methylated targets in the absence
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Figure 14. DNase I footprinting of the 131bp EcoBl-BamlSl fragment from 
pBAB63.1 with three PvuH  sites in the presence of the commercial McrBC enzyme
Panel A includes the lanes treated with the McrBC cell free extract from DHSaMCR. 
Panel B includes the lanes treated with the McrBC^ cell free extract from DHSaMCR 
(pBAB88). The number 0 indicates the lane with the DNA treated with DNase I in the 
absence o f any added crude extract. The numbers 1 and 2 indicate treatment of the DNA 
with 5 |ig and 10 pg total protein in the commercial enzyme respectively. The solid 
lines indicate the bases protected in the region with the PvuYL sites.
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Figure 15. The summary of the DNase I footprinting of the DNA target with three 
méthylation sites in the presence of commercial McrBC enzyme - The arrows mark 
the beginning of the 37 bp fragments. The asterix mark the N^-methylcytosines. The 
double underlines mark the strongly protected areas. The arrowheads mark the bases 
with enhanced cleavage. The dots mark the sequence at 10 bp intervals.
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of McrC. In order to examine the DNA binding characteristics o f McrB^ and McrB$, 
plasmid construct pBABSO was used to overexpress these proteins. The radiolabeled 
131bp fragment from pBAB63.1 with three méthylation sites was used as a target. 
Comparison of the DNase I patterns observed with DHSaMCR and DHSaMCR 
(pBABSO) crude extracts revealed a very distinct pattern of protection with the latter. 
All the three individual sites in the target DNA were protected from DNase I cleavage 
(Fig. 16). An 8-10 bp region was observed to be protected at the three méthylation sites 
including the "̂”C. As shown in the sequence data in Figure 17, it is seen that the 
protection on the lower strand at the three méthylation sites was an 8-10 bp region. The 
protection in the upper strand ranged from a 9-12 bp region . A 9 bp region was found 
to be protected in sites one and three, while a more extensive 11 bp region was protected 
at the central site. It is interesting to note that the pattern of protection with McrB^ and 
McrBg is identical to that observed with the McrBC proteins (pBAB88). The altered 
DNase I digestion pattern observed between the Pvull sites was prominent in this series 
of experiments. In fact, the DHSaMCR(pBABSO) extract consistently gave better 
protection against DNase I than the DHSaMCR (pBAB88) extract. The construct 
pBABSO encodes both McrB^ and McrBj but not McrC. This indicates that McrC is not 
needed for site specific DNA binding.
The role of McrBj is proposed to be regulatory while McrB^ is proposed to be 
the endonuclease. To verify which of the subunits expressed from mcrB is actually 
DNA binding, the three méthylation site DNA target was subjected to DNase I 
footprinting with extracts from DHSaMCR (pRABlT), which expresses McrBg alone.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
55
Figure 16. DNase I footprinting of the 131bp £coRI-^amHI fragment from 
pBAB63.1 with three PvuH  sites in the presence of the McrB proteins alone - Panel 
A includes the samples treated with the McrBC cell free extract from DH5aMCR. 
Panel B includes the samples treated with the M crBC cell free extract from DH5aMCR 
(pBAB50). The number 0 indicates the lane with the DNA treated with DNase 1 in the 
absence of any added crude extract. The numbers 1 and 2 indicate treatment of the DNA 
with crude extract containing 60 pg and 120 pg total protein respectively. The lane 
labeled - Mg"̂  ̂indicates no addition of buffer containing MgClz to the reaction. The lane 
labeled + Mg*‘ indicates addition of buffer containing MgClj to the reaction in place of 
DNasel cleavage. The three panels of nucleotide sequences indicate the bases protected 
in the region with the Pvull sites. The solid arrow marks the methyl cytosine within the 
Pvull site.
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Figure 17. The summary of DNase I footprinting of the DNA target with three 
méthylation sites in the presence of a ceil free extract with McrB protein alone -
The arrows mark the beginning o f the 37 bp fragments. The asteriks mark the 
methylated cytosines. The double lines mark the areas strongly protected by McrB. The 
single lines mark the areas with weaker protection. The open arrowheads mark the bases 
with enhanced cleavage. The dots mark the sequence at 10 bp intervals.
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A comparison o f the pattern generated with extracts from DHSaMCR and DHSaMCR 
(pRABlT) did not show any site specific DNA binding by McrBg. This suggested that 
MotBl is the actual DNA binding unit supporting its purported role as the endonuclease. 
The McrBC enzyme marketed by New England Biolabs contains only the McrB^ and 
McrC subunits. The site specificity exhibited in the footprinting experiments along with 
the endonucleolytic property of this en^nne validates our finding that McrB^ subunit is 
the actual DNA binding protein.
To demonstrate the activity of the McrB^ containing cell extract, Mg*  ̂ was 
added in place of DNase I (Fig. 14, lane marked +Mg^^). The DNA was cut at several 
sites near the end. Interestingly, no cutting was observed among the binding sites. This 
indicates McrB alone can cut this template in vitro. In vivo, this méthylation pattern 
requires McrC to be present.
Contribution of McrC to DNA binding
The ratio of the subunits in the McrBC system is critical for maintaining an 
active enzyme complex. Overproduction of McrC or McrBg essentially eliminates 
restriction in an mcrBC E. coli (Beary, 1993). In our DNase I footprinting analysis of 
the three méthylation site DNA target, the McrB-containing extracts consistently gave 
stronger binding {i.e., protection from DNase I) than the extracts containing McrB and 
McrC. To explore the role o f McrC on DNA binding, the MalE-McrC fusion protein 
was employed. Binding was quantified by densitometry and expressed as a normalized 
ratio o f the band intensity for bases within the protected region to bases outside the 
protected region that displayed similar DNase I cleavage in the presence o f extracts
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from DHSaMCR and DHSaMCR (pBAB43). The lower strand of the DNA target with 
three méthylation sites was used in the analysis. The bases within the protected region 
were S’-'*’“'CTG-3’ (starting at position 36, lower strand. Fig. IS) and were located 
within the center site. The bases quantified outside the protected regions were S’-CGG- 
3’ (starting at position S8, lower strand. Fig. IS). Each triplet o f bases constituted a 
“peak” in the densitometer scans to facilitate quantification. Normalization was 
necessary to control for differences in general band intensity between some lanes.
Relative to the DHSaMCR extract, the binding of McrB in the DHSaMCR 
(pBABSO) extract to the center methylated site was 98% (Table 4). Plasmid pBABSO is 
a derivative o f pBR322 and expresses higher levels of McrB than pBAB43, which is a 
pACYC184 derivative (Beary, 1993). The extract from DHSaMCR (pBAB43) routinely 
gave slightly weaker binding and was calculated at 82%. When the plasmid expressing 
the MalE-McrC fusion protein (pGAC9S) was transformed into DHSaMCR (pBAB43), 
cell extracts gave S8% protection when the cells were not induced by IPTG and 10% 
protection after the cells were incubated for 2 h with IPTG. Thus, with increased levels 
of the MalE-McrC fusion protein, McrB binding to the methylated DNA target 
decreased. Since the MalE-McrC fusion was shown to possess McrC activity 
permitted McrB restriction o f McrC-dependent méthylation sites), it is unlikely that the 
fusion proteins caused abnormal interference of McrB binding. It appears that the 
overproduction o f McrC inhibits McrBC restriction by disrupting DNA binding.
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Table 4. The effect of overexpression o f MalE-McrC on DNA binding
Strain* Induction Normalization value'’ % Protection*
DHSaMCR ma**. 1.1 0
(pBAB43) n.a. 0.19 82
(pBAB43+pGAC9S) no 0.38 S8
(pBAB43+pGAC9S) yes 1.0 10
DHSaMCR n.a. 0.9 0
(pBABSO) n.a. 0.02 98
a All the plasmids represented here are present in host strain DHSaMCR
b Ratio of the band intensity for bases within the protected region to bases outside
the protected region that displayed similar DNase I cleavage in the presence of 
the McrBC* or McrBC extract 
c % protection is expressed as follows:
{1-(normalization value for test strain / normalization value for 
DH5aMCR)}X100 
d not applicable
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Site preference for McrB binding
In the footprinting analysis o f  the DNA target with the three PvuïL sites, binding 
of McrB protein at the middle site was found to be consistently stronger than at its 
adjacent sites. Quantification o f the areas under the peak for the three areas of protection 
was carried out by densitometry o f the autoradiograms. At least two gels were 
quantified to arrive at the percentage binding observed in the middle site compared to an 
adjacent site (Table. 5). DNase I footprinting carried out in the presence o f McrBC 
proteins expressed from DHSaMCR (pBAB88) or from McrB proteins from 
DHSaMCR (pBAB43) exhibited a two fold higher binding at the center site, compared 
to its adjacent site (e.g., 7S% in the center site compared to 3S% in its adjacent site). 
From each of these pACYC184 constructs, there was insufficient McrB to saturate the 
binding sites available. In the analysis of the protection obtained in the presence of 
McrB protein expressed from DHSaMCR (pBABSO), a higher copy number pBR322 
derivative, the levels of binding at the center site and the adjacent site are near 
saturation (e.g., 88% at the adjacent site and 97% at the center site). Thus, when the 
levels of the total McrB high enough, all sites can be bound. At sub-saturation levels of 
McrB, the central o f the three identical sites has the highest occupancy. This pattern of 
occupancy of the three sites, at a 1:2:1 ratio would be expected if  there was cooperative 
binding of McrB dimers at adjacent sites.
The above described procedure of quantification of DNA binding of the target 
was also carried out with the DNA target containing two PvwII sites (Table. 6). Under 
these binding conditions, the levels of binding by McrB proteins expressed from
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pBABSO indicated sub-saturation levels of protein. Binding at the two sites was similar. 
Only a maximum o f 20 percent difference in binding between the two sites was 
observed (e.g., 40% at site 1 and 51% at site 2). This indicates simultaneous binding at 
two sites of the target DNA at almost the same levels by the McrB protein.
Table 5. Levels of DNA binding of target DNA with three PvuH  méthylation sites
Strain
T rial 1 
% Binding"
Outside site Center site
Trial 2 
%Binding" 










Table 6. Levels of DNA binding of target DNA with two PvuW  méthylation sites
Strain
Trial 1 
%  Binding" 
Site 1 Site 2
Trial 2 
%Binding" 
Site 1 Site 2
DHSaMCR (pBABSO) 40 SI 63 S6
a % Binding was calculated as follows:
{1- (normalization value for test strain /  normalization value for DHSaMCR)} X 100
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Study of the truncated McrBg peptide produced by plasmid pMAG65
In a previous study, the role o f McrBg protein in the McrBC restriction system 
was explored using C-terminal truncations of McrBj (Beary, 1993). The shortest of 
these peptides when overexpressed in E. coli JM107 exhibited greater than normal 
restriciton termed hyper-restriction. At that time, it was proposed that the truncated 
McrBj peptides by virtue of their small size were inhibiting the interaction between the 
authentic McrBg and McrB^ proteins, thus increasing the restriction levels. When 
following up on this earlier observation, we constructed a fusion protein between the N- 
terminal portion of McrBg and the a-complementation fragment of LacZ.
The plasmid pMAG65 is a pUC18 derivative that harbors a portion of mcrB gene that 
expresses the first 65 amino acids of McrBg fused to 94 amino acids encoded by the 
lac2? portion of the vector protein (Fig. 18). Similar to previous truncated McrBg 
constructs, pMAG65 led to mild hyper-restriction when overexpressed in JM107 (e.g. 
restriction was 1.5 fold greater than JM107 alone). The phenomenon of hyper-restriction 
was solved when extracts made from cells expressing pMAG65 were tested in our 
restriction assay for in vitro McrBC activity. A methylated supercoiled plasmid 
pBAB63.1 was subjected to cleavage with the crude extracts of these bacterial cells 
from the host strains DH5aMCR, DH5aMCR (pBAB88), DH5aMCR (pRAB17), 
DH5aMCR(pMAG65).
DH5aMCR (pBAB88) generated linear fragments as expected due to the 
specificity of McrBC for the methylated target. McrBC requires GTP and Mg^  ̂ for 
endonuclease activity. The crude extract with the truncated McrB; peptide generated a



































Figure 18. Map of the McrBs subunit and the primers for amplification of a portion of mcrB - The top portion of the figure 
represents the map of McrBs. Th® solid arrows represent the forward and reverse primers used to amplify a portion of the mcrB gene. 
The bottom figure represents the construction of plasmid pMAG65. The McrBs’ indicates the truncated McrBs product which is fiised 
to the lacZ* portion of the lacZ gene.
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DNA cleavage pattern that corresponded to open circular DNA, a plasmid with a single 
strand nick (Fig. 19). This nicking was also observed with non-methylated DNA 
making the target recognition méthylation independent. The standard restriction assay is 
carried out in the presence o f 100 mM GTP and a buffer providing Mg*  ̂cation. When 
the GTP and Mg"̂  ̂ were not supplied, the nicking activity was still observed. The most 
intriguing fact was the persistence o f the nicking activity in the presence of 10 mM 
EDTA added without the supply o f any extraneous Mg* .̂ Therefore, this peptide is a 
cation independent nuclease that does not require GTP or a methylated substrate.
In Figure 19, the lane treated with a cell extract of a strain producing McrBg, 
DHSaMCR (pRABlT), also exhibited a DNA linearizing activity. This activity was not 
as pronounced as that of DHSaMCR (pBAB88). The weak endonucleolytic activity of 
McrBs is independent of Mg"\ GTP and méthylation of DNA. It is known that McrBj is 
identical to the C-terminal portion o f McrB^. Since, McrBs can bind McrB^, McrBs 
must be binding itself. Also, the peptide expressed by plasmid pMAG6S is a portion of 
the entire McrBs protein and has a nicking activity associated with it. Hence, it is 
possible that the McrBs comes in contact with the target DNA minimally as a dimer 
binding both strands of DNA and causes a double strand break. Interestingly, extracts of 
DHSaMCR (pBABSO) which produces both McrB^ and McrBs does not possess 
endonucleolytic activity in this assay.
Primer extension analysis
It was not known if  the nicking activity associated with pMAG6S was sequence 
specific. To examine the cleavage profile generated by DHSaMCR (pBAB88) and
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Figure 19. The Plasmid pBAB63.1 containing three methyl cytosines in the 
PvuH  sites subjected to DNA cleavge in the presence of various extracts -
A total 100 jig protein was present in each of the extracts used. Lane 1 shows the 
result after treatment of plasmid pBAB63.1 with the McrBC extract from 
DHSaMCR, lane 2 shows treatment of the plasmid with the extract 
overexpressing the McrB^ and McrBg peptides from DHSaMCR (pBABSO), 
lane 3 shows the treatment of the plasmid with the extract overexpressing the 
McrBs peptide from DHSaMCR (pRABlT) and lane 4 shows the cleavage 
observed with the treatment of the plasmid with the truncated McrBg extract 
from DHSaMCR (pMAG6S), lane S shows the cleavage pattern after treatment 
with M crBC extract from DHSotMCR (pBAB88). The solid arrows with the 
letters A and B by them mark the linear and the nicked form of the plasmid 
pBAB63.1 respectively.
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DHSaMCR (pMAG65), primer extension analysis was used. The plasmid subjected to 
the cutting assay was phenol/chloroform extracted and used in a PCR-Iike reaction 
using a single labeled primer. DNA synthesis initiated at the labeled primer would 
extend until reaching a nick on the template strand. The labeled DNA fragments were 
run in a sequencing gel.
The DNA fragments generated by DHSaMCR (pBAB88) shows that cleavage 
occurred well away from the sites of méthylation (Fig. 20). Multiple cuts were made in 
a local region. This pattern of cutting was also observed in the other strand of DNA 
using by primer extension from a reverse primer (data not shown). Hence, the DNA 
cutting by the McrBC enzyme occurred on both strands well away from the sites of 
méthylation.
The pattern of cleavage generated by the truncated McrBg - LacZ’ fusion protein 
appeared to be surprisingly non-specific (Fig. 20). While nicking was, for the most part, 
random, some sites appeared to be cleaved more often. No DNA sequence motif could 
be identified at frequently cut sites. The addition of Mg”̂  reduced the randomness of 
cutting may accentuate nicking at “hot spots”.
Construction of plasmid pGAB97 and purification of the His tagged peptide
The plasmid pMAG65 was used as the template for PCR amplification of the 
truncated McrBg fragment. The primers were designed to bind at the McrBg potion of 
pMAG65, such that only the McrBg portion without the lacZ’ portion could be 
amplified. The primers were constructed with £coRI-5amHI extensions to facilitate 
cloning and also a stronger ribosome binding site of for better expression. The 201 bp
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Figure 20. Prim er extension analysis of the plasmid pBAB63.1 with three PvuVL 
sites subjected to cleavage in the presence of various McrBC proteins - The plasmid 
pBAB63.1 subjected to the DNA cutting assay with various extracts (total 100 pg 
protein) was phenol-chloroform extracted and subjected to extension with a labeled 
primer. Simultaneous sequencing reaction was also set up. The lanes labeled A, G, T, C 
indicate the nucleotide reactions, lanes I and 2 are the DNA subjected to the cell free 
extract of McrBC* DHSaMCR (pBAB88), lane 3 was treated with the extract of 
DHSaMCR, lane 4 was treated with the extract of DHSaMCR (pRABIT), and lane S 
was treated with the extract of DHSaMCR (pMAG6S). The solid arrows alongside the 
sequences indicate the N‘*-methylcytosine. The solid line by lane 3 indicates the region 
of cleavage of the plasmid by the McrBC* extracts.
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amplification product was cloned into vector pQETO. This construct was called 
pGAB97 and was transformed into host strain M15Rep4. The cloned fragment would be 
expressed in tandem with six histidine residues at the C-terminus. The clones were 
screened by plasmid isolation and restriction digestion, and five clones were identified. 
To examine them, cmde extracts were prepared from the clones for use in a cutting 
assay with pUC19 as the template. Only one of the clones appeared to have some 
activity. It was reasoned that higher activity may be present after purifying His-tagged 
protein and having it available in larger quantities.
To purify the His tagged peptide, DHSaMCR (pGAB97) was induced for 4 
hours at 30“ C and the cells were concentrated. The crude extract prepared was allowed 
to bind an immobilized metal affinity column made o f TALON resin. The protocol 
recommended by Clontech was followed for a batch preparation. Initial attempts at 
elution with imidazole yielded very little pure His tagged peptide. A peptide 
corresponding to the expected size appeared to bind the resin very tightly as observed 
by comparison of the solubilized resin prior to elution with proteins eluted from the 
resin (data not shown). Even leaching the metal from the column with EDTA did not 
yield significant levels o f protein. To test whether large amounts of protein was 
necessary to allow better recovery, an attempt at a column purification was made. Large 
volumes of cells were induced and concentrated to load a column according to the 
protocol. In the elution process, ten different reagents were tried to identify an agent for 
optimal elution. Of the reagents tested, EDTA, urea and SDS gave a fair yield of eluted 
protein. B-mercaptoethanol, 50 mM imidazole and 200 mM imidazole gave lower
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yields o f protein (Fig. 21.A). A comparison with the corresponding resin by 
polyacrylamide gel electrophoresis showed the protein still bound to the TALON resin 
after the elution attempts (Fig. 21.B).
An assay was carried out to check the activity o f the protein immobilized on the 
amylose resin. No cutting of the target DNA was observed. The eluates pooled and 
concentrated upon elution from the resin was also used to study activity o f the protein. 
Again, no nicking activity associated with the protein was seen. This may be due to 
several factors such as the protein folding and stabilization. The nicking activity 
encoded by pMAG65 was associated with an McrB-LacZ’ fusion protein.
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Figure 21. Affinity purification of the His tagged peptide - Gel "A '"shows the 
attempts at elution with different agents. Gel ”B” shows the His tagged peptide bound to 
the TALON resin after attempted purification with different agents. The dark arrowhead 
marks the presumptive 7 kDa histidine tagged peptide. The lanes 1-10 show attempts at 
elution with the following agents respectively viz pH 4.5, EDTA, 8 M urea, NP40, 
TritonX-100, SDS, Sarkosyl, P-mercaptoethanol, 50 mM imidazole and 200 mM 
imidazole. The numbers on the left of the gel mark the corresponding molecular 
weight.
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Discussion
The subunit interactions in the McrBC system
The model proposed for the subunit interactions in the McrBC restriction system 
(Fig. 1) was based on a series of genetic studies. The model states that the McrB^ is the 
endonuclease, McrBg is a regulatory protein, and McrC is an accessory protein 
necessary for activity on many DNA substrates. When McrB^ is overexpressed, 
restriction is observed on some methylated DNA substrates. The presence o f McrC 
increases the restriction of all susceptible substrates. Expressed from a plasmid, the 
ratio of the three subunits is 3:3:1, McrBL:McrBg:McrC (Ross et al., 1989). 
Overexpression of McrBg essentially eliminated McrBC restriction, and restriction 
observed in the absence of McrC. This indicated that McrBg binds to the McrB^ 
endonuclease and ties it up into an nonfunctional complex. Underproduction o f McrBg 
using antisense RNA lead to an increase in restriction and induction o f the SOS 
response due to DNA damage (Beary, 1993). Since McrBg contains the C-terminal 
three-fifths of McrB^, any interactions between McrBg and McrB^ would also be found 
between like subunits. It was proposed that McrB^ was functional as a dimer or larger 
oligomer. Overexpression of McrC also eliminated McrBC restriction, indicating that 
the subunit ratio is critical to enzyme function. If  McrC and McrBg were overexpressed 
at the same time, no effect on restriction was observed (Beary, 1993). This indicated 
that McrC interacts with McrBg and, hence, McrB^.
The model proposes that the levels of restriction are carefully modulated by the 
levels of McrBg and availability o f McrC. The model also predicts that McrB^ binds 
McrB^ and McrBg and that McrC binds both subunits. To test these aspects of the
73
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model, MalE fusion proteins were made for the McrB^ and McrC subunits. The active 
MalE-McrB^ fusion protein has deleterious effects on £. coli necessitating the use of a 
nonfunctional MalE-McrB^ fusion protein. To demonstrate that the nonfunctional 
MalE-McrB^ fusion protein retained the protein-protein interactions ascribed to McrB^, 
the mcrBC operon was expressed in this strain on plasmid pBAB88. While the 
functional MalE-McrB^ had no effect on McrBC restriction, the nonfunctional fusion 
protein dramatically inhibited restriction. This indicated that the nonfunctional MalE- 
McrB^ fusion protein bound authentic McrBC subunits and tied them up in 
nonfunctional complexes.
Using a western blot analysis with antiserum against McrB, the McrB^ and 
McrBs subunits were found to copurify with the MalE-McrB^ fusion protein on an 
amylose column. This direct evidence that McrB^ exists as a dimer or larger oligomer 
and that McrBg binds to the McrB^ subunit. Direct binding o f McrBg to McrB^ is likely 
to play a role in the inhibitory action o f McrBg.
A similar approach was used to examine the binding o f McrB^ and McrBg to 
McrC using a MalE-McrC fusion protein. For McrC to function in McrBC restriction, it 
would be expected to interact with McrB^ and McrBg. When McrC was immobilized on 
amylose resin in the presence of the other subunits, McrB^ and McrBg were foimd to be 
retained on the resin. This demonstrated that McrC does interact with McrB subunits. 
In multiple trials, the retention of McrB subunits by the MalE-McrC fusion was not as 
efficient as the retention of McrB subimits by the MalE-McrBi, fusion. This suggests 
that the binding between McrB subunits is tighter than the binding between McrC and 
the McrB subunits. Currently there is no evidence for McrC-McrC interactions.
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Attempts to generate antisera against authentic McrC (Zheng, 1992) and the MalE- 
McrC fusion protein (this study) failed. McrC has reproducibly low antigenicity in 
rabbits. Antibodies against the MalE portion of the MalE-McrC protein were detected 
(data not shown).
DNA binding by the McrBC endonuclease
Methylation-specific DNA binding by McrBC has been demonstrated by gel 
retardation assays (Beary, 1993; Kruger et al., 1995). Since cleavage of methylated 
target DNA by McrBC occurs far from the méthylation site (i.e., approximately 100 bp), 
it was crucial to map the site of DNA binding. DNase I footprinting is an established 
technique for mapping the site on DNA bound by a protein. The problem of footprinting 
an endonuclease using another endonuclease when both require divalent cations was a 
challenge. Since Ca*  ̂was not used by McrBC, the use of this cation as a cofactor for 
DNase I circumvented the problem. The DNase I footprint of McrBC typically covered 
a 9 bp region that included the N^-methylcytosine. No binding was observed when the 
DNA targets used in this study were not methylated. This suggested the specific 
recognition and binding of the methylated cytosine within a specific sequence context. 
McrBC can recognize 5-methylcytosine, N'‘-methylcytosine, or 5- 
hydroxymethylcytosine in this sequence context, which minimally requires a purine to 
precede the modified cytosine (5’-Pu”C-3’). The eukaryotic DNA binding protein 
MeCP recognizes 5-methylcytosine and binds at least four base pairs on either side of 
the cytosine (Nan et al., 1993). The similarity between the two proteins appears to end 
there. The modified cytosine was located asymmetrically within the DNA binding site
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of McrBC. McrBC binding was sequence specific as well as méthylation dependent. 
And, McrBC demonstrated significant preference for binding adjacent target sites.
With reference to McrBC binding, the degree o f protection firom DNase I 
observed for the two-site and three-site methylated DNA target was superior to that 
observed for a DNA target with a single méthylation site. McrBC binding to a DNA 
target with a single méthylation site was observed by gel retardation (Beary, 1993; 
Kruger et al., 1995). However, using the same DNA targets used in the present study, 
binding, as measured by gel retardation, to the two-site or three-site targets was 
significantly better than the single-site target (Beary, 1993). In addition, it has been 
reported that two 5’-Pu‘"C-3’ sites separated by 40-80 bp are essential for efficient 
cleavage by McrBC (Raleigh, 1992). It appears that the requirement for two méthylation 
sites for DNA restriction is directly related to the efficiency of binding of McrBC. 
Previous DNA binding studies used gel retardation assays in which the efficiency of 
binding to the DNA target is directly related to the number o f sites on the target DNA 
fragment available for binding. In the DNase I footprinting assays, occupancy of each 
site is measured separately. The observation o f higher site occupancy on target DNA 
with two or three méthylation sites suggested the presence o f cooperative binding by 
McrBC to adjacent sites. A similar approach was used to demonstrate the cooperative 
binding of phage X repressor, the cl protein, to its operator sites (Ptashne, 1987).
Cooperative binding of McrBC complexes to adjacent sites means that the 
McrBC endonucleases bound at these sites are bound to one another through protein- 
protein interactions. Since the N^-methylcytosine residues are separated by 34 bp in the
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two-site DNA target and 37 bp in the three-site DNA target, association o f  adjacent 
McrBC endonucleases would be expected to distort the DNA between the binding sites. 
DNase I footprinting is useful in detecting protein-mediated DNA bending. In the 
present study, sites protected from DNase I digestion were observed between the 
McrBC binding sites containing N‘*-methylcytosine. These sites each covered roughly 
one-half of a helical turn of B-form DNA helix. For the two-site DNA target, the 34 bp 
separating the N^-methylcytosines is just over three turns o f  B-form DNA helix. When 
modeled on the double stranded DNA helix, the intermediate regions o f  DNase I 
protection are located on the same side of the helix and centered midway between the 
McrBC binding sites. This pattern o f DNase I digestion is consistent with the interaction 
between adjacent McrBC complexes to bend the intervening DNA (Fig. 22). DNA 
bending would protect the DNA on the inside curve of the bent helix from DNase I 
digestion. An alternate interpretation of this data would be the binding o f another 
protein between the McrBC endonucleases bound at the methylated sites. Since the 
footprint of the intermediate sites covers only one-half of a turn of the helix, it is not 
likely that this hypothetical protein would be another McrBC. The protein is not the 
McrC subunit since similar regions o f intermediate protection were observed for McrB 
in the absence o f McrC (Fig. 16). We favor the DNA bending model to explain the 
cooperative binding since the sites can be between 40-80 bp apart for efScient McrBC 
restriction. The bending model would not be as sensitive to variable distance between 
sites as would the second protein model. With this is mind, binding to the three-site 
DNA target was modeled.
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Figure 22. Model for DNA structuring by McrB^ dimers - The model represents a 
DNA target with N*-methylcytosines bound by McrB^ dimers, represented as ovals. 
Cooperative interactions between the dimers and DNA structuring is represented.
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The distance between N‘*-methylcytosine residues in the 3-site DNA target is 37 
bp. This is 3.5 turns of the B-form DNA helix. This means that adjacent sites are 
located on opposite sides o f the DNA helix. When modeled on a B-form helix, the 
small, 3-5 bp, sites of DNase I protection located between McrBC binding sites are not 
located on the same side o f the helix. Hence, they do not appear to be the binding sites 
o f a second protein. But, when the pitch o f the DNA is altered to place the two N'*- 
methylcytosines on one strand on the same side of the helix, the intermediate sites are 
more closely aligned to the same side o f the helix. This change in the pitch would be 
expected if McrBC endonucleases bound to méthylation sites separated by 37 bp 
partially untwisted the DNA helix to bind one another on the same side of the helix. 
Based on the DNase I footprinting patterns, a model in which McrBC endonucleases 
bind cooperatively to adjacent méthylation sites and bend the intervening DNA.
If the DNA bending model for cooperative McrBC binding holds true for the 
three-site DNA target, one would expect preferential binding to adjacent sites. In the 
absence of cooperative binding, each site would have an equal opportunity to bind 
McrBC. If McrBC binds preferentially to adjacent cites, the center site would be bound 
whenever either of the outside sites was bound (Fig. 23). Under conditions where there 
was insufiScient McrBC to occupy all the binding sites, the center méthylation site was 
occupied twice as often as flanking sites. This is consistent with the cooperative binding 
model in which the center site and a flanking site would be bound at the same time. 
When the levels of McrB were high (i.e., the center site was greater than 80% occupied) 
evidence for binding to all three McrBC sites was observed.
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Figure 23. Model for cooperative binding of McrB dimers - The top panel A 
schematically represents the DNA target with three Pvull sites. The panels labeled B 
and C represent cooperative interactions between McrB dimers (represented as circles) 
bound at adjacent sites on the DNA target. Panel D represents saturation of all binding 
sites by McrB.
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A second line o f evidence for the DNA bending model for cooperative binding 
was present. For the two-site DNA target, the DNase I footprints for McrBC at the 
methylated sites were asymmetric relative to the methylated cytosine (Fig. 11). This 
asymmetry was also observed for the outside sites on the three-site DNA target 
However protection from DNase I at the center site was more extensive and 
symmetrical. One interpretation of this finding is that the footprint at the center site is 
composed o f overlapping, mirror images of the asymmetric binding pattern. It is 
possible that McrBC binds asymmetrically at the center site, but the DNase I pattern 
detected is an average of cooperative binding to sites 1 and 2 and binding to sites 2 and 
3.
During the present study, an enzyme preparation o f McrBC became 
commercially available from New England BioLabs, Inc. Since the preparation 
contained only the McrB^ and McrC subunits, it is likely a recombinant protein 
preparation reconstituted from separate proteins. In the in vitro DNA cleavage assay, 
the enzyme was less active than the cell extracts used in the present study. While all of 
the methylated DNA target was cleaved by the cell extracts, the commercial enzyme 
cleaved 50% of the DNA target and displayed significant activity on nonmethylated 
DNA templates (data not shown). The cleavage of nonmethylated DNA substrates may 
be related to the large amounts of enzyme added in an effort to cleave the methylated 
substrates. It was concluded that the commercial enzyme preparation was largely 
composed o f inactive enzymes. When the commercial preparation was used in the 
DNase I footprinting analysis (Fig. 14), sites of protection from DNase I were observed 
at the same locations as the McrBC-containing cell extracts (Fig. 7). However, there
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were no signs of cooperative binding by the commercial en^mie preparation. Binding to 
all sites was asymmetric, including the center site, and there was no evidence of 
protection from DNase I at sites between the methylated sites. Although strong 
protection of all sites was observed, there was no evidence of cooperative binding. The 
lack o f cooperative binding may be directly related to the low enzymatic activity of the 
commercial enzyme preparation.
The DNase 1 pattern observed for McrB in the absence of McrC was nearly 
identical to that observed for McrBC. This indicated that McrB is the only subunit 
needed for site-specific DNA binding and the cooperative binding effect. In addition, no 
DNA binding was detected for cell extracts o f  DHSaMCR (pRAB17), which contained 
the McrBs subunit. The DNA binding domain of McrB^ must be contained, in part, by 
the N-terminal portion of the protein.
Interestingly, the level o f site occupancy for cell extracts o f DHSaMCR 
(pBABSO) containing the McrB subunits was consistently better than for cell extracts of 
DHSaMCR (pBABSS), which contained all McrBC subunits. This may be related to the 
level of McrB expressed from each plasmid construct or may reflect the contribution of 
McrC to DNA binding. When McrC levels were altered through expression of the 
MalE-McrC fusion protein, DNA binding was affected. McrB occupancy o f binding 
sites was reduced as the levels o f MalE-McrC were increased. Since, westem blot 
analysis demonstrated that McrB was produced in the presence of MalE-McrC 
expression, the reduction in binding correlates with the overproduction o f McrC. This 
suggested that the reduction in restriction observed with overproduction o f McrC was
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due to loss of McrB binding. Previously, it was shown that overproduction o f McrC 
eliminated McrBC restriction in vivo (Beary, 1993). At the time the inhibitory effect 
was attributed to disruption o f McrB^-McrBL binding. Since McrC is required for the in 
vivo restriction of most methylated DNA targets but is not required for DNA binding, it 
must play a role in the catalytic endonuclease process. With each DNase I footprinting 
analysis, a control for McrB activity was included in which Mg*  ̂ was added to the 
reaction in place of the DNase I mixture. In every case where DNA binding was 
observed, cleavage of the DNA template was documented. This means that McrB could 
bind and cut the DNA template in vitro. The role o f McrC in the cell may be to loosen 
or modify the binding of McrB to the DNA to permit efficient translocation of the DNA 
and DNA cutting distal to the binding sites. GTP-dependent DNA cutting by McrBC 
occurs at multiple sites around 100 bp from the DNA binding sites. Alternatively, GTP 
hydrolysis by McrBC complex may be involved in translocating the enzyme complex 
along the DNA in a fashion similar to the Type IC endonucleases (Drier, et al., 1996). 
Non-specific endonuclease activity associated with the N-terminus of McrBg
Previous studies on C-terminal truncations o f the McrBg subunit found that 
overexpression of the N-terminal end o f McrBg reduced the plating efficiency o f phage 
X, containing methylated DNA (Beary, 1993). At that time, this finding was interpreted 
as interference of the normal McrBg down regulation of McrBC activity by truncated 
versions o f McrBg. While following up this observation, plasmid pMAG65 was 
constructed. Plasmid pMAG65 expressed a fusion peptide composed of the first 65 
amino acids of McrBg connected to 94 amino acids of the a-complementation fragment
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of lacZ  encoded by the vector. In a collaborative effort with Robert Menuet, the fusion 
protein was found to possess a endonuclease activity capable o f  nicking double stranded 
DNA. This activity converted supercoiled plasmid DNA to an open circular form. A 
similar activity may explain the reduced plating efficiency o f phage X noted in the 
previous study. When the endonuclease activity expressed from pMAG65 was 
characterized, it was found to be independent o f GTP and divalent cations. The activity 
was observed in the presence of 10 mM EDTA. The activity was independent of the 
méthylation pattern on the DNA substrate. The cleavage pattern of the endonuclease 
activity was determined from covalently closed circular DNA treated with a cell extract 
from DHSaMCR (pMAG65). A primer extension assay was used to detect the location 
of nicks on a plasmid containing the three-site DNA target. Nicks were found along the 
length of the DNA substrate and were relatively sequence independent. It is interesting 
to consider that the 65 amino acids from McrBg may represent part of the active site of 
McrB^.
Sequence analysis of the coding region encoding this McrBg-LacZ’ fusion 
protein indicated that part of the GTP binding site of McrB^ was contained within the 
truncated peptide. A search of protein and DNA data bases using this region o f McrBg 
detected the GTP binding sites of a number o f proteins as the only significant matches. 
If the GTP binding domain of McrB^ is closely associated with the active site of the 
endonuclease, there is credence to the suggestion that the McrBg-LacZ’ protein contains 
at least a portion o f the active site of the McrB^ endonuclease. Interestingly, a weak 
double strand endonuclease activity was observed for authentic McrBg under the same
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conditions used to assay McrBg-LacZ% However, when a cell extract from DHSaMCR 
(pBABSO) that contained both McrB^ and McrBg was tested, no DNA cleavage was 
observed in the absence of GTP and Mg* .̂ This suggested that the McrB^ subunit may 
be able to mask the endonucleolytic activity o f McrBg. It is unknown i f  the activity 
associated with McrBg has a physiological frmction.
The finding that the McrBg-LacZ’ fusion protein did not require divalent cations 
for DNA cleavage was notable. Most endonucleolytic en2ymes require a divalent metal 
ion for activity. Since the McrBg-LacZ’ fusion protein did not require GTP, no 
magnesium was needed for this function. Divalent cation-independent endonuclease 
activities have been described for some DNA repair enzymes. The AP endonucleases 
and uracil DNA glycocylases o f Deinococcus radiodurans have been characterized as 
nucleases capable of functioning in the presence o f EDTA (Ian Masters et al., 1991).
A His-tagged form of the N-terminal 6S amino acids from McrBg was expressed 
from plasmid pGAB97. Cell extracts tested for the endonuclease activity were negative. 
The endonuclease activity could not be detected in the peptide eluted from the TALON 
resin or from the resin-immobilized peptide. The His-tagged peptide was found to bind 
the TALON resin very tightly as demonstrated by poor elution from the resin under a 
variety of conditions. Host cells containing pGAB97 grew poorly and required reduced 
levels of antibiotics and 28°C for survival. No other phenotype was associated with 
these strains. The lack o f endonuclease activity may be due to improper folding of the 
small peptide or interference from the histidine residues added to the C-terminal end of 
the peptide. The activity was originally discovered associated with a McrBg-LacZ’
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fusion protein. The folding o f the McrBg moiety may be stabilized by the a -  
complementation fragment of LacZ. The a-complementation fragment o f LacZ is 
known to contain one o f the protein dimerization domains o f LacZ (Jacobson et al., 
1994). This peptide may dimerize the McrBg-LacZ’ fusion into a functional 
endonuclease. This possibility is highly attractive and the focus of additional research. 
Summary of findings
Direct evidence was presented for protein-protein interactions between McrB^- 
McrB^, McrB^-McrBg and McrC with each McrB subunit. These interactions were 
predicted from earlier genetic studies and were consistent with the current model for 
subunit interactions. DNase 1 footprinting studies used to characterize the binding of 
McrBC to methylated DNA targets provided evidence for cooperative binding of McrB^ 
to adjacent sites. A model describing the structuring of the DNA by enzymes bound to 
adjacent sites was favored. McrC was shown not to be necessary for DNA binding and 
overproduction of McrC disrupted DNA binding by McrB^. The role of McrC in 
McrBC restriction remains undefined. A unique endonuclease activity associated with 
the N-terminal end of McrBg was identified. This activity may be associated with the 
active site of the McrB^ endonuclease.
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